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 There is a lack of information regarding the bioaccumulation and toxicity of 
nickel (Ni) to lotic ecosystems. The objective of this study was to investigate the source, 
uptake, and toxicity of Ni by periphyton and macroinvertebrates (Hyalella azteca and 
Daphnia magna) in simulated stream ecosystems that included sediment and water. 
Periphyton were exposed to two types of sediment, a low-organic sandy mixture and a 
high organic silt, treated with varying levels of Ni. After 96 h, Ni levels in overlying 
water and periphyton were related to those in sediments, although differences existed 
between sediment types. Tests with 64Ni added to overlying water confirmed nearly all of 
the Ni in periphyton was derived from sediments. Aqueous uptake, as opposed to dietary 
accumulation from periphyton, was the dominant pathway of Ni assimilation by the 
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Nickel (Ni) is a common and potentially toxic trace metal in many freshwater 
ecosystems (Chowdhury et al 2008, Cempel and Nikel 2006). Important sources of Ni in 
the environment include natural weathering of rocks, and anthropogenic sources such as 
steel production and electroplating (Cempel and Nikel 2006, Muyessen et al. 2004, and 
U.S.EPA 1986). Ni concentrations in uncontaminated stream waters are about  0.3µg/L 
(Barceloux 1999). In contrast, the U.S.EPA (1985) has reported Ni levels in surface water 
as high as 600 µg/L in the Ohio River Valley. In natural waters, sediments, and soils, Ni 
exists commonly as a divalent cation complexed with a variety of inorganic and organic 
ligands in dissolved and particle phases (Cempel and Nikel 2006). Differences in Ni 
speciation and partitioning are thought to be important controls on the bioavailability of 
Ni, which, although a micronutrient, may have harmful effects if bioaccumulated in 
excess (Watt and Ludden 1999, Price and Morel 1999, U.S.EPA 1986). The 
bioacummulation of Ni in sediments is affected by organic matter, acid-volatile sulfide, 
total suspended solids, chelators, and Mn and Fe oxides (Cempel and Nikel 2006, Doig 
and Liber 2006, U.S. EPA 1986). Fluvial ecosystems appear to be at greatest potential 
risk of Ni contamination. However, there is a paucity of knowledge regarding the 
bioaccumulation and toxicity of Ni in these environments.   
Periphyton and phytoplankton have been used widely as pollution indicators and 
to assess water quality (Moreira-Santos et al. 2004, Lowe and Pan 1996). Periphyton are 
useful in toxicity tests because they are highly sensitive to environmental stressors 
(Cairns et al 1986). Moreover, periphyton provide a large portion of the energy budget in 
stream ecosystems, and are a primary food source for many macroinvertebrates (Lamberti 
1996). Periphyton are sensitive to changes in biotic and abiotic factors including light, 
2 
nutrients, and herbivore interactions (Lowe and LaLiberte 2007, Barranguet et al. 2005, 
Biggs et al. 1999 and 1998). Periphyton community changes, in response to pollution, 
occur rapidly due to their short life cycle (Lowe and LaLiberte 2007), and may become 
dominated by more resistant species in the presence of heavy metals (Barranguet 2005).  
 Numerous acute and chronic toxicity studies have been conducted with the 
macroinvertebrates Daphnia magna and Hyalella azteca and the green alga 
Pseudokirchneriella subcapitata to establish Ni toxicity (see U.S. EPA ECOTOX for a 
list of LC50 and chronic threshold results). These organisms are used commonly as they 
have been established as acceptable test organisms by the U.S.EPA (2000, 2002). 
However, few studies have used natural freshwater periphyton communities to examine 
potential Ni toxicity and uptake (Gray and Hill 2001, Gray and Hill 1995, Boston et al. 
1991).  
 The objective of this study was to investigate the sediment-water partitioning, 
bioaccumulation, and toxicity of Ni in simulated stream ecosystems that included 
sediment, water, and periphyton. With two physiochemically disparate stream sediments 
(fine-grained, high organic content vs. sandy, low organic), I examined a potential 
connection between Ni levels in sediments, overlying water, and periphyton. 
Additionally, I evaluated the toxicity of Ni to native periphyton, and assessed the toxicity 
and relative importance of waterborne vs. dietary uptake by two species of 
macroinvertebrate, D. magna and H. azteca. Multiple toxicological endpoints were 
measured to assess potential harm of Ni to periphyton communities and the two tested 
macroinvertebrates.  
 I hypothesized that 1) mobilization of Ni from sediment is a major source to 
overlying water, and thus to the periphyton community and macroinvertebrates, 2) as 
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concentrations of Ni increase, there will be a measurable toxicological effect on 
periphyton growth, measured as ash free dry mass (AFDM) and chlorphyll a, 3) 
periphyton communities will become dominated by Ni-tolerant species as levels of Ni 
increase, and 4) periphyton, as opposed to bioconcentration of aqueous Ni, is the primary 






















Ni partitioning and uptake by periphyton 
 The bioaccumulation and toxicity of Ni to periphyton and macroinvertebrates 
were examined with a series of static tests conducted in 300-mL glass beakers filled with 
100 cm3 of sediment and about 100 cm3 of water (Figure 1). The influence of sediment 
physicochemistry on Ni partitioning and bioavailability was examined by comparing two 
disparate sediments; sandy, low organic (1% loss-on-ignition (LOI)) sediment from Little 
Sugar Creek, Dayton, Ohio, and fine-grained, organic-rich (20% LOI) sediment from 
Spring Run, Fairborn, Ohio. Surface deposits (upper 15 cm) from both sites were 
collected, and stored under anoxic conditions at 4 °C (U.S.EPA 2001). Sediments from 
LSC and SR were amended with Ni prior to their addition to experimental beakers. This 
was done by dissolving NiCl2 in 10 mL of reagent-grade water (nominal resistivity, > 18 
MΩ-cm), which was subsequently added to 1 L of wet sediment and mixed thoroughly by 
rolling for an hour, under anoxic conditions. Treated sediments were stored at 4 °C for at 
least 24 h to allow for equilibration. Test water (average hardness = 295 mg/L as CaCO3) 
was from the Mad River (Dayton, OH) and filtered (0.45 µm), and stored at 4 °C until 
use. Unglazed clay tiles (2 cm x 2 cm; Daltile, USA), colonized with periphyton, were 
submerged in each beaker and positioned at about a 45° angle on top of the sediment 
interface (Gray and Hill 1995). Tiles were placed at an angle to ensure periphyton 
received ample light, to minimize direct contact of periphyton with sediment, and to 
prevent the tile from interfering with any potential Ni flux between sediment and 






Figure 1. Photograph of experimental beaker containing sediment, water, and periphyton 





























Periphyton preparation  
To obtain native periphyton, three trays of tiles were placed in Honey Creek, New 
Carlisle, OH (Figure 2). Honey Creek was chosen as the study site because it was less 
susceptible to flash flooding, which can be ruinous for periphyton collections over an 
extended period. Tiles were left in the stream for a period of three weeks to allow for 
colonization of periphyton (Steinman et al 1996). At the beginning of each test, a tray of 
colonized tiles was retrieved from the stream, and transported to the lab in a cooler filled 
with stream water. Periphyton tiles were placed in test beakers within 1 h after removal 
from the stream to limit stress.  
 
Ni uptake by periphyton 
Tiles colonized with native periphyton were placed in beakers containing Ni-
treated sediment (Figure 3). Each test included a set of controls, references, and five Ni 
treatments. Control beakers contained Ottawa sand substrate and filtered Mad River 
water. Reference beakers contained untreated sediment and filtered Mad River water. 
Little Sugar Creek sediment was amended with Ni to nominal concentrations of 14, 27, 
55, 140, and 270 µg/g wet weight. Spring Run sediment was amended with Ni to nominal 
concentrations of 64, 110, 210, 420, and 850 µg/g wet weight. Tests were conducted for 
96 h inside an incubator with a continuous light source and controlled temperature (25 ± 
1 ºC). Each beaker was aerated individually (Figure 1), arranged randomly in the 
incubator, and monitored daily for temperature, pH, and dissolved oxygen. At the end of 
the experiment, periphyton, sediment, and water were removed from each beaker for Ni 
analysis. Periphyton was removed by scrubbing with a plastic bristle brush and then 
rinsing with water. Sediment was frozen and stored in acid-cleaned containers until 
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analysis. Water samples were filtered through acid-cleaned, 0.45-µm polycarbonate 
filters, and both filtrate and filter were stored in acid-cleaned containers.  
 
Sources of Ni to periphyton 
 A major concern in stream ecosystems is whether biological exposure to 
contaminants, such as Ni, results from either mobilization from sediments (“historical” 
Ni) or waterborne Ni introduced upstream (“new” Ni). I investigated the relative 
significance of new vs. historical Ni to periphyton by adding an enriched stable isotope of 
Ni (64Ni, 98.08% purity, Oak Ridge National Laboratory) as a tracer of new Ni exposure. 
In these tests, periphyton tiles, water, and Ni-spiked (natural abundance Ni) sediments 
were prepared as described previously, with the only difference being that 64Ni was added 
to the water in each beaker at the beginning of each test. Waterborne 64Ni treatments of 30 
µg/L and 100 µg/L were conducted for both LSC and SR sediments. These 
concentrations are much greater than those in uncontaminated streams (Barceloux 1999) 
and the level of natural-abundance Ni in filtered Mad River water (3 µg/L). This 
experiment included a set of reference beakers (unspiked sediment, 64Ni-amended water) 
and was conducted for a period of 96 h (U.S. EPA 2002). After a period of 96 h, water 
and periphyton were removed from each beaker for analysis of Ni isotopic composition 





















































64, 110, 210, 420 
and 850 µg/g wet 
weight 
14, 27, 55, 140, 
and 270 µg/g wet 
weight 
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Uptake by macroinvertebrates 
 I used a 2 x 2 factorial design to examine the relative significance of aqueous vs. 
dietary exposure pathways of Ni to D. magna and H. azteca. D. magna (24 h neonates) 
and H. azteca (7–14 d juveniles) were obtained from the Burton Lab at WSU. The 
macroinvertebrates were cultured and maintained according to U.S. EPA standards 
(2002). This experiment included four treatments for each macroinvertebrate species 
(Figure 4). Tests were conducted in 300-mL beakers that contained one 4-cm2 tile 
colonized with periphyton and 200 mL of 0.45-µm filtered Mad River water. Low-Ni 
water (3 µg/L) was directly from Mad River, where as the High-Ni water was prepared 
by amending Mad River water with Ni (as NiCl2) to a nominal concentration of 200 µg/L. 
Low-Ni periphyton, measured to have 64 µg Ni/g dry weight) was directly from Honey 
Creek. Hi-Ni periphyton containing 400 µg Ni/g dry weight) was prepared by exposing 
Honey Creek periphyton to 200 µg/L aqueous Ni for 96 h prior to the experiment. Five 
beakers were prepared for each treatment and macroinvertebrate species. Ten H. azteca 
or eight D. magna were added to the treatment beakers. A set of three controls (beakers 
with EPA standard water) each was prepared for H. azteca and D. magna tests (U.S. EPA 
2000). The Ni uptake experiment was conducted for 48 h under continuous light at 25 ± 1 
°C, with daily monitoring of temperature, pH, and dissolved oxygen. At the end of the 
experiment, H. azteca and D. magna were counted and removed from the beakers, freeze-




















Figure 4. Experimental design to investigate the importance of aqueous vs. 


















Ni toxicity to periphyton 
 Sediments from Little Sugar Creek and Spring Run were amended with Ni to test 
for a toxic effect to the Honey Creek periphyton. Sediments were prepared as described 
in previous sections, but treated with greater concentrations of Ni (as NiCl2). Nominal 
concentrations of added Ni in the Little Sugar Creek sediments were 550, 1100, 2200, 
and 4400 µg/g wet weight, and those for Spring Run sediments were 210, 420, 850, 1700, 
3400, 6800, and 14000 µg/g wet weight. A set of controls and references were prepared 
for both Spring Run and Little Sugar Creek experiments, and three replicates were 
conducted for each treatment. To each 300-mL beaker was added 1) 100 cm3 of Ni-
treated sediment, 2) 100 cm3 of 0.45-µm filtered Mad River water, and a tile colonized 
with periphyton from Honey Creek. Each tile was placed at a 45° angle. The experiment 
was conducted in an incubator at 25 ± 1 °C and under continuous light for 96 h. The 
beakers were distributed randomly throughout the incubator and aerated individually. 
At the end of the toxicity tests, tiles were selected randomly from each treatment 
for analysis of toxicological endpoints in periphyton. The tiles were scrubbed with a 
plastic bristle brush and rinsed to remove the periphyton layer (Lowe and LaLiberte 
2007, Steinman et al. 2007). The removed periphyton slurry was analyzed for community 
structure (Lowe and LaLiberte 2007), chlorophyll a (Chl a), and ash-free dry mass 
(AFDM: Steinman et al. 2007). Three replicates were analyzed for each sample. Chl a 
was measured according to Standard Methods section 10200H (1998), and Methods in 
Stream Ecology (Steinman et al. 2007). AFDM was measured as described in Standard 
Methods section 10300C (1998) and Methods in Stream Ecology (Steinman et al. 2007).  
Periphyton community structure was examined from samples mounted on glass 
microscope slides. Periphyton was preserved in 2% glutaraldehyde (to preserve the 
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chloroplast) mounted in a syrup medium, and examined with a polarized light microscope 
at 100x magnification (Stevenson 1984). Diatoms were cleaned and mounted in 
Naphrax® (Patrick and Reimer 1966) and examined with a polarized light microscope at 
100x magnification as described in Standard Methods section 10200D (AWRA et al. 
1998). Taxonomic keys of Patrick and Reimer (1966 and 1975) and Wehr and Sheath 
(2003) were used to identify the periphyton to the species or genus level.  
 
Total Ni analyses 
 Total recoverable Ni was measured in periphyton, macroinvertebrates, sediment, 
and filtered water by ICP-MS or flame atomic absorption spectrophotometry (FAAS). 
Sediment, periphyton and macroinvertebrates were stored frozen until lyophilization to a 
constant dry weight. Filtered samples of water were stored in acid-cleaned polyethylene 
containers and acidified to 1% with HNO3 (Instra-analyzed, J.T.Baker). Dried sediment 
(0.15–0.30 g) was digested with 3 mL of 16 M HNO3 and 2 mL of 12 M HCl (both ASC 
Plus, Fisher) in hermetically sealed Teflon vessels. Sediment digestates were diluted with 
reagent grade water and analyzed by ICP-MS (U.S. EPA 2007a) or FAAS (U.S.EPA 
2007b).  
 Samples of periphyton and macroinvertebrates (about 0.01 g dry weight) were 
digested with 4 mL of 16 M HNO3 and 1 mL of H2O2 in a polyethylene container inside a 
60 °C water bath for 12 to 15 h (Meylan et al. 2003). Suspended sediments, as retained 
on polycarbonate filters, were leached with 4 M HNO3 (Instra-analyzed) in a 60 °C water 
bath for 12 to 15 h. Sample digestates and leachates were diluted, as necessary, with 
reagent grade water, and analyzed by ICP-MS. 
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Ni isotope analysis 
 In a series of Ni uptake experiments (one Little Sugar Creek sediment test and one 
Spring Run sediment test), isotopically enriched 64Ni was added to water in test beakers 
to examine the relative significance of new (waterborne) vs. historical (mobilized from 
the sediments) Ni sources to periphyton. Samples of filtered water and periphyton from 
this test were prepared similar to those from other experiments, only that they were 
analyzed by ICP-MS at both 60 and 64 mass/charge (m/z) ratios. Only Ni has an isotope 
at 60 atomic mass units (amu); however, both Ni and Zn have isotopes with 64 amu. The 
concentration of 64Ni in water and periphyton samples was estimated by subtracting 64Zn, 
determined by measurement of 66Zn and the natural 64Zn/ 66 Zn ratio (1.758), from total 
counts at 64 m/z. Given the inherent uncertainty of the 64Ni estimate, the use of 64Ni in 
studies of natural systems containing zinc is less than ideal, but is suitable, at a minimum, 
for order-of-magnitude comparisons made in this study. 
 
Quality control 
 All equipment used for laboratory tests and sample preparation, storage, and 
analysis of Ni was cleaned with acid and rinsed with reagent-grade water. Chemical 
reagents were suitable for each analysis (Instra-analyzed or ACS grade). Ni analyses 
were calibrated with standard solutions traceable to the U.S. National Institute of 
Standards and Technology. Analytical precision of Ni determinations averaged 6.4% 
relative standard deviation (RSD) among all different sample matrixes and detection 
instruments (n = 32), and was improved for measurements of Ni in water by ICP-MS 
(mean, 4.6% RSD) compared to periphyton and sediments by either FAAS or ICP-MS 
(mean, 13.1% RSD). Procedural reproducibility of Ni measurements averaged 11.0% 
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RSD among all sample matrixes (n = 50).  Procedural precision of water (mean, 2.6% 
RSD) and periphyton (mean, 13.0% RSD) analyses was comparable to the measured 
analytical variability for each matrix, and averaged 18.9% RSD for sediment Ni 
determinations.  The estimated detection limit for Ni was 0.04 µg/L in filtered water and 
about 0.01 µg/g for a 0.1-g sample of dry sediment and periphyton.     
 
Statistics 
 Statistical analysis was conducted with Minitab 15® (Minitab, USA). AFDM and 
Chl a were analyzed by one-way analysis of variance to determine difference among 

















Ni partitioning and uptake by periphyton 
 Ni added to low-organic Little Sugar Creek and high-organic Spring Run 
sediments mobilized readily to overlying water in periphyton exposure tests (Figure 5). 
At the end of the 96 h test, Ni concentrations in filtered overlying water were related 
positively to levels in bulk deposits from both streams (Little Sugar Creek, r2 = 0.57; 
Spring Run, r2 = 0.65), although there was a modest degree of variability in aqueous Ni at 
sediment concentrations greater than 600 µg/g dry weight in Spring Run and greater than 
250 µg/g dry weight in Little Sugar Creek. The average ratio of nickel in water to that in 
sediment (i.e., slope of regression line) was much greater for low-organic Little Sugar 
Creek sediments (9.22 g/L) compared to the organic rich deposits from Spring Run (0.32 
g/L). Assuming steady state, these ratios suggest average distribution coefficients (Kd; 
L/kg) of 102.0 for Little Sugar Creek and 103.5 for Spring Run sediments. 
 Periphyton readily accumulate Ni, and in both Little Sugar Creek and Spring Run 
sediment treatments, Ni in periphyton was related strongly to concentrations in sediments 
(Spring Run, r2 = 0.76; Little Sugar Creek, r2 = 0.74; Figure 6). However, and for a given 
sediment Ni concentration, periphyton exposed to Spring Run sediment contained 
substantially less Ni than those exposed to Little Sugar Creek sediments. Ni in periphyton 
ranged from 74 to 1200 µg/g dry weight in tests with Spring Run sediment compared to  
56 to 3500 µg/g dry weight in tests with Little Sugar Creek Sediments. This may be 
related largely to differences in sediment-water partitioning of Ni between the two 
contrasting deposits and associated bioavailability to periphyton (Figure 5). 
Concentrations of Ni in periphyton were related strongly to Ni levels in filtered water for 
both Little Sugar Creek (r2  = 0.86) and Spring Run (r2 = 0.83) sediments (Figure 7). 
17 
 The detection limit for 64Ni by ICP-MS was about a doubling in enrichment over 
natural abundance (0.926%). Hence, 64Ni needed to comprise greater than 2% of total Ni 
to be quantified accuratly. In tests with 64Ni added to overlying water, less than 2% of the 
Ni remaining in solution or accumulated by periphyton was as 64Ni after 96 h. 
Conversely, approximately 98% all of the Ni in overlying water and periphyton was of 

























































Figure 5. Relationship between Ni in filtered (0.45µm) overlying water in  
Spring Run (A) and Little Sugar Creek (B) to sediments that were amended  
experimentally with Ni (n = 3 replicates per treatment) 
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                 Figure 6. Concentration of Ni in periphyton versus sediment for deposits  
     from both Spring Run (SR) and Little Sugar Creek (LSC) (n = 3 replicates  
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Figure 7. Ni in periphyton related to that in filtered (0.45 µm) water for tests with Spring 
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r2 = 0.86 
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Ni uptake by macroinvertebrates 
 A 2 x 2 factorial design was used to examine the relative significance of aqueous 
vs. dietary exposure pathways of Ni to D. magna and H. azteca. Both organisms 
accumulated substantially more Ni when exposed to high aqueous treatments (200 µg/L) 
as compared to the low aqueous treatments (3 µg/L; Figure 8). Ni-treated periphyton (400 
µg/g dry weight) had no discernable influence on levels in D. magna; 1) organisms 
exposed to low aqueous Ni contained comparable concentrations regardless of periphyton 
Ni concentration, and 2) D. magna exposed to high aqueous Ni contained surprisingly 
more Ni in the low periphyton treatment (64 µg/g dry weight), compared to the high 
periphyton treatment. For H. azteca, periphyton Ni level had no significant effect on 
concentrations in macroinvertebrates exposed to both high and low aqueous Ni 
treatments. Thus, aqueous uptake (e.g., ingestion, adsorption) is more important than 
grazing of periphyton as a pathway of Ni exposure for D. magna and H. azteca. For both 



















Figure 8. Total Ni in D. magna (A) and H. azteca (B) exposed to different concentrations 
of dietary and aqueous Ni. Error bars are one standard deviation of the mean (n = 5 for 
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Ni toxicity to periphyton 
Community structure 
 Periphyton were exposed to a range of sediment, and associated aqueous Ni 
concentrations to test for a possible toxic effect. Microscopic analysis of the community 
structure showed a dominance of diatom species, with less than 1% of the community 
comprised of other taxa, including green algae, cyanobacteria, and protozoa. Prior to Ni 
exposure, periphyton communities exposed to Little Sugar Creek sediment were 
dominated primarily by the diatom species Achnanthidium biasolettianum. Increasing Ni 
concentrations in the sediment resulted in communities becoming dominated by Amphora 
perpusilla (67% of all organisms) (Figure 9), as well as an overall total population 
decrease with sediment exposures up to 140 µg Ni/g wet weight (nominal). Periphyton 
exposed to 27, 55, and 140 µg/g wet weight had reduced chloroplast, and variations in 
pigment color. Surprisingly, however, periphyton exposed to the 270 µg/g wet weight 
sediment treatment had an increase in total population and chloroplast appeared healthy 
as compared to those exposed to lower Ni concentrations.  
 The community structure of periphyton in the Spring Run experiments was 
similar to that in the Little Sugar Creek tests. For Spring Run, the community was 
dominated by the diatoms species Amphora ovalis var. pediculus, Amphora perpusilla, 
Nitzschia palea, and Nitzschia dissipata. Periphyton used for the Spring Run tests 
contained more decomposing organic material as compared to that sampled for the Little 
Sugar Creek experiment; however, the total size of the diatom population remained 
consistent among all Ni exposures with Spring Run sediment. In control groups, the 
chloroplast pigments were bright green in color, a result of the continuous light exposure 
and as Ni exposures increased chloroplast pigments returned to a golden brown color, the 
24 
typical pigment color of diatoms. Deformities in the silica walls of the diatoms were 






























AFDM and chlorophyll a analysis 
Ash-free dry mass was measured to determine the effect of sediment Ni 
concentration exposure on growth of periphyton communities with both Little Sugar 
Creek and Spring Run sediments. Statistical analysis showed no significant differences in 
AFDM for Ni-amended Little Sugar Creek and Spring Run sediments as compared to the 
Primary treatment (Figure 10), which is periphyton directly from Honey Creek. 
Periphyton growth, measured as AFDM, was greater in the low-organic Little Sugar 
Creek exposures versus those from the high-organic Spring Run treatments.   
 Chlorophyll a is a measure of biomass and commonly used as a toxicity endpoint 
for periphyton studies. Unexpectedly, for both Little Sugar Creek and Spring Run 
sediments, chlorophyll a results had a U-shaped distribution with increasing Ni 
concentrations, indicating a lack of dose response (Figure 11). Chlorophyll a responded 
negatively to sediment Ni concentrations up to 55 µg/g wet weight for Little Sugar Creek 
deposits and 210 µg/g for Spring Run. Above these levels, chlorophyll a increased with 
sediment Ni concentrations. For both Little Sugar Creek and Spring Run chlorophyll a in 
Ni-exposed periphyton was not significantly different from the Primary treatment. 
AFDM and chlorophyll a results indicate that Ni had no overt toxicity to periphyton in 















































Figure 10. Comparison of AFDM for increasing Ni treatments for  



















































































Figure 11.  Comparison of chlorophyll a for increasing Ni treatments for  
































































 Many studies have examined the toxicity of Ni, but most have focused on lab- 
cultured species of macroinvertebrates, algae, and fish as opposed to whole communities 
(see U.S. EPA ECOTOX for a list of organisms and studies). This study focused on the 
toxicity of Ni to an indigenous periphyton community, and factors that affect the 
bioavailability of Ni including sediment organic matter. Other factors that can affect the 
bioavailabilty of Ni include acid-volatile sulfide (AVS), total suspended solids, Fe and 
Mn oxides, water hardness, and pH (Doig and Liber 2006 and 2007, Gray and Hill 1995 
and 2001, Mandal et al. 2002, Hassan et al. 1996).  The bedrock in the Dayton, OH, area 
is composed of mostly limestone, which results in elevated water hardness. For this 
reason, the Mad River has naturally hard water (> 200 mg/L CaCO3) and a slightly 
alkaline pH  (~ 8). These characteristics give the water a high buffering capacity, and 
affect the aqueous speciation and bioavailability of dissolved Ni.  
 Spring Run sediments are composed primarily of clay and silt with a high organic 
content (20% LOI), to which Ni has a high affinity for binding. In contrast, Little Sugar 
Creek sediments are composed of mostly sand and gravel deposits with considerably less 
organic material. Differences in sediment organic content affected the partitioning of Ni. 
Proportionally more Ni was mobilized from Little Sugar Creek sediments, compared to 
those from Spring Run. This indicates that Ni was bound more strongly by solid-phase 
ligands in Spring Run deposits, which include clays, organic matter, and AVS. The 
estimated Kd values for Ni in both Spring Run and Little Sugar Creek sediments are 
within the range determined for sediments in other studies (Spring Run, 103.5; Little Sugar 
Creek, 102.0)(Doig and Liber 2006, Martino et al. 2004, Hassan et al. 1996). Given the 
greater mobility of Ni from Little Sugar Creek sediments, it was not surprising that both 
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overlying water and periphyton contained greater Ni concentrations compared to tests 
with Spring Run deposits.  
 pH is influenced by biotic factors, including plankton and periphyton, in aquatic 
systems. Periphyton are able to create a diurnal pH gradient through their light 
(photosynthesis) and dark (respiration) cycles. During the light phase, periphyton 
photosynthesize and consume protons releasing O2. In contrast periphyton release CO2 
and acid during the dark cycle. In these experiments, however, periphyton were exposed 
to continuous light, which did not allow for a diurnal pH shift. Indeed, the pH remained 
slightly alkaline in all experiments, which may have affected the solubility and speciation 
of Ni.  
 Periphyton have an important role in lotic ecosystems. They are a primary source 
of food to many benthic macroinvertebrates and fish, and also provide a large portion of 
the energy budget in streams (Lamberti 1996). Periphyton have a rapid life cycle, making 
them sensitive to environmental stressors and toxicants, allowing toxicological effects to 
be easily observed and measured (Lowe and LaLiberte 2007, Biggs et al. 1999, Biggs et 
al. 1998, Lowe and Pan 1996).  
 In this study, diatoms (Bacillariophyta) dominated the indigenous periphyton 
community. Species of Amphora, Nitzschia, and Acnanthidium were common throughout 
the study period, summer to early fall. Diatoms are unicellular algae with a golden brown 
pigment and cell walls composed of silica (Lowe and Laliberte 1996, Patrick and Reimer 
1966). Many diatoms form mucilage covering, and some use this covering to attach to 
substrates including filamentous green algae (Patrick and Reimer 1966, Wang et al. 
1997). Diatoms also excrete mucilage to glide over (Wang et al. 1997, Gordon and Drum 
1970, Patrick and Reimer 1966). This mucilage and excretion can scavenge metals and 
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nutrients and may provide the diatoms with added resistance to Ni toxicity (Sekar et al. 
2002).   
 Nutritional requirements for periphyton have been well documented (Patrick and 
Reimer 1966), yet the specific role of Ni is unknown. Ni is used for metabolic function in 
plants and bacteria (Muyessen et al. 2004, Phipps et al. 2002, Watt and Ludden 1999), 
and is a required nutrient for growth in periphyton, though the mechanism of action is not 
clear (Gray and Hill 1995). Studies by Oliveira and Antia (1984 and 1986) examined Ni 
requirements in a few marine diatom species.  Their studies suggest Ni is required in the 
enzyme urease for nitrogen metabolism. 
 In considering the impact of a possible toxicant to an aquatic ecosystem, it is 
important to determine the major source of the chemical. The use of 64Ni, a stable isotope 
of Ni allowed me to investigate the relative significance of “new” (i.e., waterborne) 
versus “historical” Ni mobilized from sediments as the dominant source of Ni to 
periphyton. At the end of the test, less than 2% of the Ni in overlying water and 
periphyton was 64Ni, indicating that the 64Ni added to the overlying water at the start of 
the experiment was sorbed by the sediments and nearly all of the Ni in periphyton 
resulted from mobilization of the large sedimentary pool of Ni. Results from the 64Ni test 
are in good agreement with findings from the periphyton uptake experiments that show 
Ni in periphyton is first order with respect to sediment concentration. 
 Previous studies have shown historical Ni sediment deposition is a factor 
controlling of Ni availability in overlying water (Doig and Liber 2007, Nriagu et al. 1996, 
Carignan and Nriagu 1985). That is, as Ni concentrations in sediment increase so do 
levels in overlying water. However, other environmental factors, including pH, hardness, 
and organic matter are also important in controlling the chemical speciation and 
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bioavailabilty of Ni. In this study, the ability of Ni to dissolve was potentially reduced by 
the slightly alkaline pH (~8) and lack of a diurnal pH gradient. Additionally, it is likely 
that the relatively high alkalinity of the water resulted in greater formation of dissolved 
NiCO3. Spring Run had a high organic content (20% LOI), which should complex more 
Ni than deposits having less organic matter, and thereby reduce Ni that can partition to 
overlying water. These results are consistent with those reported by Doig and Liber 
(2007) and Mandal et al. 2002. 
  Uptake and accumulation of various ions by diatoms can occur through 
absorption via diffusion and active transport, and by binding to mucilage (Duong et al. 
2008, Holding et al. 2003, Patrick and Reimer 1966). By exposing periphyton 
communities to varying concentrations of Ni it was observed that some species of 
diatoms were tolerant, or may have a higher Ni nutritional requirement compared to less 
sensitive species. This was evident by changes in the periphyton community structure 
that occurred as a function of Ni exposure. However, this study was unable to quantify 
the Ni concentration required for nutrition of periphyton, its toxicity threshold, the 
physiological role, and the mode of Ni uptake or absorption.  
 Periphyton have a rapid life cycle, and 96 h is ample time for the unicellular 
organisms to reproduce, given suitable temperature, light, and nutrients (Patrick and 
Reimer 1966). During the 96 h experiment period, the community exposed to Ni-
contaminated sediments from Little Sugar Creek showed a distinct shift in community 
from the species Acnanthidium biasolettianum to the diatom Amphora perpusilla. This 
shift in community structure appears to be supported by small differences, albeit non-
significant, in AFDM; as Ni concentrations increase, the community structure shifts 
towards a greater abundance of to the species A. perpusilla and correlates with changes in 
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growth. Changes in chlorophyll a (biomass) also can be related to changes in species, as 
pigment concentration may vary by species and environmental conditions. Modest, but 
statistically insignificant changes in chlorophyll a were observed with increasing Ni 
exposure for Little Sugar Creek sediments. Conversely, tests with Spring Run sediments 
showed little variation in community structure, biomass (AFDM), and chlorophyll a. As 
Ni concentrations in the Spring Run experiments increased, a large fraction of the Ni 
remained bound in the sediments, presumably to organic matter and AVS, with smaller 
amounts dissolved in the overlying water as compared to Little Sugar Creek. Thus, less of 
the Ni in the Spring Run tests was able to partition to overlying water and have an effect 
on the periphyton.  Ni, at low concentrations may produce a hormetic effect, as indicated 
by the positive dose response in AFDM for both Little Sugar Creek and Spring Run 
exposures.  
 The number of heavy metal binding sites in periphyton depends on the amount of 
mucilage, organic matter, and size and species of the periphyton (Duong et al. 2008, 
Sekar et al. 2002, Barranguet et al. 2000, Khoshmanesh et al. 1997). Amphora sp. was the 
dominant periphyton diatom in tests with Spring Run sediments, whereas Acnanthidium 
biasolettianum was predominant in the Little Sugar Creek experiment. The ratio of Ni in 
periphyton to that in water was substantially greater for Spring Run (5.2 µg/L) than for 
little Sugar Creek (0.8 µg/L). This suggests that Amphora sp., as compared to 
Acnanthidium biasolettianum, may have more heavy metal binding sites, and thus be able 
to bind to more Ni. The overall total Ni concentration in periphyton exposed to Little 
Sugar Creek sediments is comparatively greater than periphyton exposed to Spring Run 
sediments. This difference may be due to the change in community structure and lack of 
organic matter in the Little Sugar Creek experiments. 
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 The experiment used to determine the source of Ni to the two macroinvertebrates, 
D.magna and H.azteca, was similar to previous studies done by Wang et al. (2007) and 
Watras et al. (1985). Similarly, results show D. magna and H. azteca more readily 
accumulated Ni from aqueous exposure as compared to periphyton Ni exposure. 
However, this study examined the possible source of available Ni (aqueous vs. dietary), 
not the specific route of Ni uptake or adsorption. Watras et al. (1985), suggests that the 
accumulation of metals from aqueous exposure is dependent on the concentration of the 
metal and the organism. Additionally, Keithly et al. (2004) shows that toxicity is related 
inversely to water hardness, and as hardness increases Ni toxicity is reduced. D. magna 
and H. azteca survival was near 100% for all treatments with an average water hardness 
above 200 mg/L CaCO3, supported by the Keithly et al. (2004) results. In other studies, 
the transfer of heavy metals to macroinvertebrates is dependent on the metal, 














 Many factors influence the bioavailability of Ni, and this study only examined 
water hardness, organic and clay particles, sediment composition, and pH. Other factors 
known to be of importance in the control of Ni availability include AVS, and Fe and Mn 
oxides. The use of indigenous periphyton communities helps us to understand how 
communities in local streams may react to inputs of Ni. In addition, the results suggest 
sediment is the driving factor in Ni availability to overlying water. Historical or “old” 
deposits must be considered in addition to “new” or waterborne Ni when examining Ni 
toxicity to an aquatic ecosystem.  
 Future studies need to examine a variety of periphyton communities, including 
those dominated by cyanobacteria and green algae. It would be ideal to test a larger 
variety of sediment types with a range of organic matter types, varying water hardness, 
AVS, and Fe and Mn oxides. To improve interpretation of chlorophyll a analysis, a 
light/dark cycle representative of a seasonal or more natural cycle should be used in place 
of continuous light to allow for the formation of a natural diurnal pH gradient. These 
studies would increase our understanding of the risk of Ni exposures to both periphyton 
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Date Beaker/ID Ni-64 pH 
D.O. 
(mg/L) Temp 
7-Jul Control X 8.31 7.82 22.8 
  Ref X 8.26 7.86 23.7 
  Nitrate X 8.43 7.55 22.6 
  Ni-64  8.38 8.91 23.5 
  25  8.39 8.97 23.4 
  50  8.41 8.64 23.1 
  100  8.26 8.55 22.3 
  250  8.23 8.42 23.6 
  500  8.26 8.71 23.6 
8-Jul Control X 8.28 8.02 25.4 
  Ref X 8.03 8.4 25.4 
  Nitrate X 7.99 8.11 25.4 
  Ni-64  8.09 8.7 25.4 
  25  8.04 8.56 25.4 
  50  8.05 8.75 25.4 
  100  8.00 8.62 25.4 
  250  7.92 8.46 25.4 
  500  8.00 8.46 25.4 
9-Jul Control X 8.57 7.7 22.8 
  Ref X 8.41 8.28 23.8 
  Nitrate X 8.41 8.25 22.7 
  Ni-64  8.45 8.07 23.8 
  25  8.36 8.4 22.6 
  50  8.36 8.5 22.5 
  100  8.29 8.31 22.0 
  250  8.28 7.77 23.0 
  500  8.04 8.22 23.8 
10-Jul Control X 8.37 8.63 23.2 
  Ref X 8.41 8.57 23.8 
  Nitrate X 8.36 9.19 24.0 
  Ni-64  8.19 8.82 23.9 
  25  8.39 8.7 23.2 
  50  8.40 8.31 23.3 
  100  8.26 8.5 22.6 
  250  8.17 8.61 23.7 
  500  7.71 8.16 23.8 
 








Date Beaker/ID Ni-64 pH 
D.O. 
(mg/L) Temp 
21-Jul Control X 8.01 9.04 25.4 
  Ref X 8.15 9 25.4 
  Nitrate X 8.23 9.05 25.4 
  Ni-64  8.32 8.97 25.4 
  25  8.14 8.59 25.4 
  50  8.09 8.51 25.4 
  100  7.94 8.91 25.4 
  250  8.01 8.86 25.4 
  500  8.16 8.86 25.4 
22-Jul Control X 8.14 8.93 25.4 
  Ref X 8.02 8.86 25.4 
  Nitrate X 7.73 8.89 25.4 
  Ni-64  8 8.84 25.4 
  25  8.01 8.58 25.4 
  50  7.09 7.66 25.4 
  100  7.73 7.9 25.4 
  250  7.42 8.17 25.4 
  500  7.98 8.52 25.4 
23-Jul Control X 8.35 9.14 25.4 
  Ref X 8.41 9.27 25.4 
  Nitrate X 8.22 8.13 25.4 
  Ni-64  8.17 8.92 25.4 
  25  8.13 8.74 25.4 
  50  7.54 7.71 25.4 
  100  7.97 8.25 25.4 
  250  7.64 8.12 25.4 
  500  8.02 8.54 25.4 
24-Jul Control X 8.23 8.8 25.4 
  Ref X 8 8.95 25.4 
  Nitrate X 8.16 8.76 25.4 
  Ni-64  8 8.66 25.4 
  25  8.04 8.41 25.4 
  50  7.81 7.83 25.4 
  100  7.97 7.34 25.4 
  250  7.57 7.8 25.4 
  500  6.75 8.2 25.4 
 










Date Beaker/ID Ni-64 pH 
D.O. 
(mg/L) Temp 
4-Aug Control X 8.23 7.22 19.7 
  Reference X 8.00 7.29 21.8 
  Nitrate X 8.48 8.21 22.0 
  Ni-64  7.99 7.84 21.5 
  75ppm  8.06 7.97 22.5 
  125ppm  8.20 8.11 21.4 
  250ppm  8.02 7.74 21.6 
  500ppm  7.84 8.05 22.4 
  1000ppm  7.93 7.88 22.1 
5-Aug Control X 7.98 7.98 22.5 
  Reference X 8.16 8.24 23.1 
  Nitrate X 8.19 7.92 22.6 
  Ni-64  8.14 8.64 23.0 
  75ppm  8.07 8.82 23.1 
  125ppm  8.16 8.81 22.4 
  250ppm  7.99 8.30 22.7 
  500ppm  7.06 8.47 23.0 
  1000ppm  8.02 8.96 21.6 
6-Aug Control X 8.46 7.91 22.5 
  Reference X 8.28 8.11 23.0 
  Nitrate X 8.11 8.18 23.0 
  Ni-64  8.27 8.49 23.1 
  75ppm  8.25 8.88 23.4 
  125ppm  8.29 8.66 23.0 
  250ppm  8.19 8.49 23.4 
  500ppm  8.17 8.77 23.6 
  1000ppm  8.19 8.92 22.3 
7-Aug Control X 8.50 9.67 22.9 
  Reference X 8.28 8.36 23.1 
  Nitrate X 7.65 7.95 22.8 
  Ni-64  7.99 8.25 23.4 
  75ppm  8.22 8.68 22.9 
  125ppm  7.19 8.98 22.3 
  250ppm  7.01 8.69 23.1 
  500ppm  7.17 X 22.2 
  1000ppm  8.02 X 21.3 
 










Date Beaker/ID Ni-64 pH 
D.O. 
(mg/L) Temp 
11-Aug Control X 7.87 8.57 21.4 
  Reference X 7.48 8.11 21.4 
  Nitrate X 7.25 8.22 21.7 
  Ni-64  7.80 9.77 22.1 
  75ppm  6.99 8.67 21.8 
  125ppm  7.93 8.81 21.3 
  250ppm  6.91 8.73 22.0 
  500ppm  7.49 8.64 21.9 
  1000ppm  6.99 9.57 21.7 
12-Aug Control X 8.52 8.36 22.3 
  Reference X 8.09 8.87 23.2 
  Nitrate X 8.10 8.19 22.7 
  Ni-64  8.11 8.84 22.5 
  75ppm  8.06 8.81 22.2 
  125ppm  8.08 8.45 22.8 
  250ppm  7.97 8.50 22.3 
  500ppm  8.00 8.51 22.0 
  1000ppm  7.64 8.61 22.1 
13-Aug Control X 9.01 8.31 22.3 
  Reference X 6.96 7.85 23.5 
  Nitrate X 7.40 7.78 22.9 
  Ni-64  8.24 9.20 22.6 
  75ppm  8.12 8.48 22.2 
  125ppm  8.08 8.12 22.9 
  250ppm  7.98 7.60 22.6 
  500ppm  8.00 8.22 22.3 
  1000ppm  7.74 7.37 22.2 
14-Aug Control X 9.10 8.62 22.4 
  Reference X 7.48 8.48 23.2 
  Nitrate X 6.96 8.33 23.0 
  Ni-64  8.31 8.70 22.5 
  75ppm  8.27 8.62 22.0 
  125ppm  8.16 8.88 22.3 
  250ppm  8.15 8.69 22.1 
  500ppm  8.05 8.54 21.9 
  1000ppm  7.89 6.04 22.0 
 










Date Treatment Temp pH 
D.O. 
(mg/L) 
18-Aug Spiked 23.1 8.24 8.15 
  Unspiked 23.0 8.26 8.92 
          
19-Aug Spiked 23.2 8.21 8.40 
  Unspiked 23.1 8.15 8.32 
          
20-Aug A 23.7 8.03 7.90 
  B 23.1 7.97 8.31 
  C 22.9 8.01 7.92 
  D 22.1 8.05 8.90 
          
21-Aug A 23.1 8.15 8.15 
  B 23.4 8.14 8.19 
  C 23.1 8.19 8.18 
  D 23.3 8.06 8.91 
          
22-Aug A 23.3 8.28 7.98 
  B 23.3 8.27 8.77 
  C 23.5 8.21 8.77 
  D 23.2 7.93 8.90 
 























Date Beaker/ID pH 
D.O. 
(mg/L) Temp 
9-Sep Control 8.1 7.81 23.6 
  Ref 8.38 7.49 23.2 
  250Ni 7.19 8.28 23.9 
  500Ni 7.22 7.94 23.6 
  1000Ni 7.77 8.18 23.6 
  2000Ni 7.65 8.32 23.5 
  4000Ni 8.15 7.69 23.5 
  8000Ni 6.22 7.17 23 
  16000Ni 6.91 7.67 22.5 
  2000Mg 8.4 8.39 22.3 
  4000Mg 8.35 8.71 23.1 
  8000Mg 8.29 7.6 23.3 
  16000Mg 8.38 8.05 23.0 
10-Sep Control 8.31 9.62 23.7 
  Ref 8.26 8.33 23.2 
  250Ni 8.26 8.22 23.9 
  500Ni 8.20 9.13 23.3 
  1000Ni 8.19 8.89 22.5 
  2000Ni 8.16 9.02 22.7 
  4000Ni 7.88 8.9 23.5 
  8000Ni 7.84 9.77 22.9 
  16000Ni 7.49 9.39 21.9 
  2000Mg 8 9.1 22.9 
  4000Mg 8.14 8.46 23.2 
  8000Mg 8 8.80 22.9 
  16000Mg 8.07 8.79 22.3 
12-Sep Control 8.34 8.93 23.2 
  Ref 8.10 7.48 23.1 
  250Ni 8.23 7.3 23.5 
  500Ni 8.25 7.36 23.1 
  1000Ni 7.97 7.78 22.6 
  2000Ni 8.11 7.84 22.8 
  4000Ni 7.79 7.15 23 
  8000Ni 7.7 7.26 22.4 
  16000Ni 7.31 7.73 21.6 
  2000Mg 8.22 7.77 21.7 
  4000Mg 8.03 6.46 22.7 
  8000Mg 7.79 7.41 22.8 
  16000Mg 7.89 7.17 21.9 
 




Date Beaker/ID pH D.O. (mg/L) Temp 
15-Sep Control 8.44 8.05 23.2 
  Ref 8.36 8.73 23.3 
  100Ni 8.42 8.97 22.5 
  250Ni 8.19 8.98 22.8 
  500Ni 8.01 8.74 23.2 
  1000Ni 8.08 8.73 23.7 
  2000Ni 7.69 8.63 23.3 
  4000Ni 7.51 8.63 23 
  8000Ni 7.13 8.81 23.6 
  1000Mg 8.4 7.88 23.5 
  2000Mg 8.25 8.65 21.9 
  40000Mg 8.13 8.56 22.4 
  8000Mg 8.1 8.66 22.6 
16-Sep Control 8.48 8.22 23.3 
  Ref 8.33 8.02 23.1 
  100Ni 8.3 8.11 22.7 
  250Ni 8.27 8.3 23.3 
  500Ni 7.94 8.66 23.4 
  1000Ni 7.98 8.73 23.7 
  2000Ni 7.63 8.48 23.5 
  4000Ni 7.40 8.66 23.2 
  8000Ni 6.86 8.68 22.7 
  1000Mg 8.35 8.42 23.7 
  2000Mg 8.23 8.48 22.1 
  40000Mg 8.08 8.66 23.2 
  8000Mg 8.03 8.5 22.8 
17-Sep Control 8.38 9.31 23 
  Ref 8.36 8.73 23.1 
  100Ni 8.22 8.54 23 
  250Ni 8.22 8.86 22.9 
  500Ni 7.87 8.86 22.9 
  1000Ni 8.02 8.62 22.9 
  2000Ni 7.28 8.6 22.1 
  4000Ni 7.3 8.65 22.9 
  8000Ni 6.89 8.87 22.6 
  1000Mg 8.47 8.6 23.5 
  2000Mg 8.12 8.78 21.8 
  40000Mg 7.8 8.91 23 
  8000Mg 7.96 8.68 22.5 
18-Sep Control 8.24 8.54 22.8 
  Ref 8.35 8.68 22.9 
  100Ni 8.37 8.64 22.2 
  250Ni 7.81 8.46 22.8 
  500Ni 8.15 8.34 21.7 
  1000Ni 7.9 8.75 22.6 
  2000Ni 7.51 8.93 22.6 
  4000Ni 7.29 8.61 22.4 
  8000Ni 6.93 8.68 21.9 
  1000Mg 8.26 7.84 23.1 
  2000Mg 8.25 8.52 21.8 
  40000Mg 7.95 8.97 23 
  8000Mg 8.17 8.77 23.1 






























I.D. Sediment Filtrate Filter Periphyton 
  µg/g dry wt µg/L µg/L µg/g dry wt 
25 32.3 24.0 3.4 56.7 
25 55.0 17.4 2.4 190.9 
25 29.9 22.3 1.3 220.8 
50 52.8 39.8 N/A 285.8 
50 52.0 98.6 2.3 162.8 
50 47.5 50.0 0.9 153.6 
100 131.6 92.6 1.7 330.4 
100 83.1 201.1 5.6 332.4 
100 112.2 212.6 1.8 475.2 
250 354.6 394.0 66.8 2035.8 
250 348.0 1506.1 60.7 1891.0 
250 260.0 2496.3 127.2 1835.6 
500 306.0 3270.3 N/A  N/A 
500 357.9 5502.8 194.8 4992.9 
500 294.7 2321.9 190.3 3582.3 
 















I.D. Sediment Filtrate Filter Periphyton 
  µg/g dry wt µg/L µg/L µg/g dry wt 
75 84.7 15.8 1.6 74.0 
75 114.2 30.5 3.7 86.4 
75 77.7 20.6 1.1 35.6 
125 190.5 34.4 1.9 83.0 
125 106.3 18.0 1.1 43.3 
125 154.2 18.9 2.5 44.7 
250 210.0 31.0 3.7 103.4 
250 118.3 24.9 1.7 117.5 
250 259.4 25.0 1.5 111.8 
500 614.6 52.8 2.6 392.8 
500 544.7 87.7 2.6 481.5 
500 443.6 83.4 2.1  N/A 
1000 938.8 360.1 2.0 2604.0 
1000 1042.1 232.5 10.5 1386.0 
1000 649.1 398.2 3.2 1264.7 
 















Treatment Organism Beaker Filtrate Invertebrate Periphyton 





A Daphnia 1 265.9 17.8 584.9 
  2 276.8 17.5 397.4 
  3 279.3 11.2 506.6 
  4 243.3 13.2 477.1 
  5 230.8 8.7 460.2 
 Hyalella 6 245.4 26.8 478.6 
  7 210.9 66.4 441.4 
  8 302.0 35.9 411.8 
  9 245.0 28.5 510.9 
  10 265.0 41.7 519.4 
B Daphnia 11 24.6 3.5 281.9 
  12 24.0 2.8 332.4 
  13 26.4 3.5 217.3 
  14 27.9 4.8 260.0 
  15 28.0 2.7 286.8 
 Hyalella 16 25.6 14.8 268.2 
  17 21.9 6.5 246.1 
  18 28.7 20.5 353.9 
  19 29.7 19.9 572.5 
  20 25.7 17.4 845.4 
C Daphnia 21 237.3 54.0 777.9 
  22 219.0 22.5 311.0 
  23 261.6 28.3 270.3 
  24 234.4 20.0 244.4 
  25 245.3 26.1 242.3 
 Hyalella 26 200.3 26.6 285.5 
  27 213.0 46.5 390.2 
  28 177.7 37.2 421.5 
  29 210.2 20.7 400.5 
  30 236.3 39.2 536.3 
D Daphnia 31 4.3 4.0 85.9 
  32 4.3 3.0 57.4 
  33 5.6 0.8 70.2 
  34 4.8 0.5 63.9 
  35 4.4 0.9 46.6 
 Hyalella 36 5.1 0.5 43.9 
  37 7.1 2.7 42.6 
  38 4.6 2.1 28.3 
  39 6.4 2.1 58.0 
  40 5.0 0.8 210.2 
 









































None 1 1.395 0.086 0.188 0.177 0.011 
  2 1.381 0.088 0.198 0.185 0.013 
  3 1.394 0.086 0.191 0.178 0.013 
Control 1 1.373 0.087 0.275 0.255 0.02 
  2 1.397 0.087 0.206 0.195 0.011 
  3 1.402 0.088 0.312 0.289 0.023 
Ref 1 1.341 0.087 0.237 0.221 0.016 
  2 1.305 0.088 0.201 0.188 0.013 
  3 1.281 0.088 0.169 0.159 0.01 
Nitrate 1 1.301 0.085 0.266 0.251 0.015 
  2 1.277 0.087 0.234 0.215 0.019 
  3 1.324 0.086 0.277 0.258 0.019 
Ni-64 1 1.278 0.086 0.233 0.215 0.018 
  2 1.292 0.086 0.18 0.168 0.012 
  3 1.276 0.087 0.229 0.212 0.017 
25ppm 1 1.296 0.086 0.235 0.217 0.018 
  2 1.311 0.087 0.231 0.215 0.016 
  3 1.307 0.087 0.222 0.207 0.015 
50ppm 1 1.275 0.087 0.218 0.199 0.019 
  2 1.28 0.088 0.219 0.203 0.016 
  3 1.277 0.085 0.282 0.261 0.021 
100ppm 1 1.312 0.087 0.188 0.177 0.011 
  2 1.281 0.087 0.228 0.21 0.018 
  3 1.306 0.084 0.217 0.203 0.014 
250ppm 1 1.337 0.086 0.216 0.201 0.015 
  2 1.35 0.086 0.212 0.199 0.013 
  3 1.358 0.086 0.194 0.182 0.012 
500ppm 1 1.312 0.086 0.192 0.178 0.014 
  2 1.326 0.086 0.198 0.184 0.014 
  3 1.325 0.086 0.183 0.171 0.012 
 
















500C (g) AFDM (g) 
None 1 1.291 0.087 0.194 0.182 0.012 
  2 1.278 0.089 0.174 0.165 0.009 
  3 1.276 0.086 0.167 0.159 0.008 
Control 1 1.277 0.089 0.316 0.296 0.020 
  2 1.363 0.087 0.247 0.229 0.018 
  3 1.328 0.087 0.258 0.243 0.015 
Reference 1 1.272 0.086 0.143 0.137 0.006 
  2 1.28 0.087 0.134 0.128 0.006 
  3 1.273 0.087 0.150 0.142 0.008 
Nitrate 1 1.288 0.087 0.187 0.176 0.011 
  2 1.341 0.085 0.159 0.150 0.009 
  3 1.293 0.088 0.171 0.162 0.009 
Ni-64 Ref 1 1.292 0.086 0.209 0.193 0.016 
  2 1.31 0.087 0.146 0.139 0.007 
  3 1.312 0.086 0.195 0.181 0.014 
75ppm 1 1.271 0.087 0.144 0.137 0.007 
  2 1.316 0.087 0.171 0.161 0.01 
  3 1.309 0.086 0.162 0.154 0.008 
125ppm 1 1.314 0.086 0.140 0.133 0.007 
  2 1.316 0.086 0.178 0.165 0.013 
  3 1.284 0.089 0.152 0.144 0.008 
250ppm 1 1.277 0.086 0.169 0.16 0.009 
  2 1.337 0.087 0.152 0.143 0.009 
  3 1.273 0.086 0.142 0.134 0.008 
500ppm 1 1.303 0.087 0.181 0.172 0.009 
  2 1.34 0.086 0.169 0.161 0.008 
  3 1.316 0.085 0.147 0.140 0.007 
1000ppm 1 1.271 0.085 0.137 0.130 0.007 
  2 1.283 0.087 0.133 0.126 0.007 
  3 1.298 0.086 0.134 0.129 0.005 
 





















None 0.361 1.174 0.238 0.725 0.813 0.487 3.8E+00 3.8E-03 
  0.473 1.221 0.24 0.729 0.748 0.489 3.0E+00 3.0E-03 
  0.302 0.945 0.132 0.534 0.643 0.402 2.8E+00 2.8E-03 
Control 0.199 1.488 0.098 0.978 1.289 0.88 4.7E+00 4.7E-03 
  0.577 1.584 0.267 0.987 1.007 0.72 3.3E+00 3.3E-03 
  0.286 1.192 0.152 0.787 0.906 0.635 3.1E+00 3.1E-03 
Reference 0.247 0.883 0.168 0.544 0.636 0.376 3.0E+00 3.0E-03 
  0.335 0.861 0.265 0.614 0.526 0.349 2.1E+00 2.1E-03 
  0.32 1.083 0.118 0.604 0.763 0.486 3.2E+00 3.2E-03 
Nitrate 0.301 0.934 0.147 0.551 0.633 0.404 2.7E+00 2.7E-03 
  0.698 1.068 0.332 0.644 0.37 0.312 6.7E-01 6.7E-04 
  0.124 0.839 0.075 0.511 0.715 0.436 3.2E+00 3.2E-03 
Ni-64 ref 0.223 0.926 0.151 0.601 0.703 0.45 2.9E+00 2.9E-03 
  0.416 0.959 0.229 0.65 0.543 0.421 1.4E+00 1.4E-03 
  0.773 1.263 0.457 0.862 0.49 0.405 9.9E-01 9.9E-04 
75ppm 1.246 1.425 1.101 0.564 0.179 -0.537 8.3E+00 8.3E-03 
  0.316 0.661 0.162 0.427 0.345 0.265 9.3E-01 9.3E-04 
  0.441 1.047 0.247 0.634 0.606 0.387 2.5E+00 2.5E-03 
125ppm 0.461 1.003 0.244 0.596 0.542 0.352 2.2E+00 2.2E-03 
  1.034 1.479 0.606 0.909 0.445 0.303 1.6E+00 1.6E-03 
  0.551 1.126 0.411 0.794 0.575 0.383 2.2E+00 2.2E-03 
250ppm 0.639 1.165 0.419 0.824 0.526 0.405 1.4E+00 1.4E-03 
  0.374 1.001 0.245 0.672 0.627 0.427 2.3E+00 2.3E-03 
  0.279 0.604 0.208 0.435 0.325 0.227 1.1E+00 1.1E-03 
500ppm 0.626 1.261 0.329 0.742 0.635 0.413 2.6E+00 2.6E-03 
  0.556 1.061 0.341 0.657 0.505 0.316 2.2E+00 2.2E-03 
  0.355 1.035 0.24 0.635 0.68 0.395 3.3E+00 3.3E-03 
1000ppm 0.556 1.026 0.416 0.678 0.47 0.262 2.4E+00 2.4E-03 
  0.816 1.542 0.572 1.023 0.726 0.451 3.2E+00 3.2E-03 
  0.787 1.342 0.587 0.904 0.555 0.317 2.8E+00 2.8E-03 
 





















None 1.114 1.586 0.358 0.941 0.472 0.583 -1.29E+00 -1.29E-03 
  0.448 1.641 0.195 0.968 1.193 0.773 4.87E+00 4.87E-03 
  0.174 1.528 0.129 0.576 1.354 0.447 1.05E+01 1.05E-02 
Control 0.05 1.528 0.086 0.604 1.478 0.518 1.11E+01 1.11E-02 
  0.37 2.03 0.285 0.965 1.660 0.680 1.14E+01 1.14E-02 
  0.379 1.835 0.325 0.838 1.456 0.513 1.09E+01 1.09E-02 
Ref 0.274 1.677 0.286 0.986 1.403 0.700 8.15E+00 8.15E-03 
  0.332 1.892 0.351 1.231 1.560 0.880 7.88E+00 7.88E-03 
  0.243 2.035 0.183 1.335 1.792 1.152 7.42E+00 7.42E-03 
Nitrate 0.601 2.192 0.293 1.406 1.591 1.113 5.54E+00 5.54E-03 
  0.477 2.213 0.264 1.413 1.736 1.149 6.80E+00 6.80E-03 
  0.3 1.895 0.196 1.229 1.595 1.033 6.51E+00 6.51E-03 
Ni-64 ref 0.429 1.73 0.203 1.061 1.301 0.858 5.13E+00 5.13E-03 
  0.988 2.096 0.316 1.311 1.108 0.995 1.31E+00 1.31E-03 
  0.37 1.951 0.209 1.251 1.581 1.042 6.25E+00 6.25E-03 
25ppm 0.544 1.788 0.233 1.167 1.244 0.934 3.59E+00 3.59E-03 
  1.017 2.159 0.637 1.388 1.142 0.751 4.53E+00 4.53E-03 
  0.978 2.373 0.555 1.539 1.395 0.984 4.76E+00 4.76E-03 
50ppm 0.442 1.715 0.275 1.103 1.273 0.828 5.16E+00 5.16E-03 
  0.279 2.017 0.205 1.373 1.738 1.168 6.61E+00 6.61E-03 
  0.128 2.013 0.113 1.457 1.885 1.344 6.27E+00 6.27E-03 
100ppm 1.101 1.614 0.795 1.149 0.513 0.354 1.84E+00 1.84E-03 
  0.485 2.149 0.299 1.49 1.664 1.191 5.48E+00 5.48E-03 
  0.854 1.288 0.515 0.851 0.434 0.336 1.14E+00 1.14E-03 
250ppm 0.816 2.047 0.446 1.253 1.231 0.807 4.91E+00 4.91E-03 
  0.468 1.288 0.287 0.793 0.82 0.506 3.64E+00 3.64E-03 
  0.534 2.132 0.284 1.358 1.598 1.074 6.07E+00 6.07E-03 
500ppm 0.64 1.984 0.427 1.313 1.344 0.886 5.31E+00 5.31E-03 
  0.235 1.975 0.177 1.278 1.74 1.101 7.41E+00 7.41E-03 
  0.32 1.987 0.212 1.267 1.667 1.055 7.09E+00 7.09E-03 
 
















Beaker Live Dead 
1 7 1 
2 8   
3 7 1 
4 8   
5 4 4 
  Hyallela 
6 10   
7 10   
8 9   
9 8   
10 9   
 
Treatment: 




Beaker Live Dead 
11 6 2 
12 8   
13 8   
14 8   
15 6 2 
  Hyallela 
16 9 1 
17 8   
18 9   
19 6   
20 20   
 
Macroinvertebrate Toxicity Counts 












Beaker Live Dead 
21 8   
22 8   
23 7 1 
24 8   
25 8   
  Hyallela 
26 8   
27 10   
28 9   
29 9   
30 8   
 
Treatment: 
Untreated Mad River 
Water, Untreated 
Honey Creek Tiles 
D Daphnia 
Beaker Live Dead 
31 7   
32 8   
33 8   
34 8   
35 8   
  Hyallela 
36 7   
37 9   
38 10   
39 10   
40 9   
 
Macroinvertebrate Toxicity Counts 
Treatments C and D 
